T-cell proliferation is an important in vitro parameter
Human immunodeficiency virus (HIV) infection results in a significant quantitative loss of CD4
ϩ T cells relatively late after seroconversion (9, 28) . However, qualitative differences in the functional performance of peripheral blood mononuclear cells (PBMCs) from HIV-infected subjects can be detected much earlier. Loss or reduction of T-cell proliferative capacity to in vitro stimulation is one of these qualitative changes (4, 13, 20, 23, 31) . Decreased proliferation of T cells from HIV-infected individuals has been measured in response to in vitro stimulation with CD3 monoclonal antibody (MAb), pokeweed mitogen, and recall antigens (3, 33, 34) . The response to phytohemagglutinin (PHA) remains unaffected in the early phases but is significantly reduced later in infection (8, 14) . It has been reported that T-cell proliferation in response to stimulation with CD3 and CD3ϩCD28 MAbs decreases shortly after seroconversion, before the decline in CD4 ϩ T-cell number is observed (10, 23, 33) . It has also been demonstrated that loss of T-cell reactivity to CD3 and CD3ϩCD28 MAbs in vitro is a strong predictive marker for progression to AIDS, independent of decline in CD4 counts (32, 33) . Thus, T-cell proliferative capacity is an important independent predictor of progression to HIV disease (31, 33) and also can serve to monitor immunological improvement after therapy (1, 26) .
The most commonly used method to determine T-cell proliferative capacity is based on measuring tritiated thymidine ([ 3 H]TdR) incorporation into the DNA of proliferating cells. Since this method requires radioactive facilities, it has drawbacks in places where these facilities and the management of waste are not available. In addition, proliferation as measured by [ 3 H]TdR incorporation does not give information on which subsets of cells are in fact proliferating to the in vitro stimuli.
CD38 is a type II transmembrane glycoprotein originally identified by the MAb OKT 10 (30). It plays a role in lymphocyte adhesion, proliferation, and cytokine production (7). Most peripheral T and B cells, as well as red blood cells, are CD38 negative (18, 30) . However, CD38 is expressed on activated lymphocytes; thus, it has been used as an activation marker of T cells. In HIV-infected individuals, the in vivo expression of CD38 on T cells is elevated and reported to be predictive of progression of HIV disease to AIDS and death (2, 12, 15, 16, 27) . CD38 was also expressed on immunoglobulin (Ig)-secreting plasma B cells. Finally, CD38 has also been detected on immature cells, i.e., thymocytes and germinal center B cells (17) .
In this paper, two alternative methods were evaluated for assessment of T-cell proliferative capacity in response to in vitro stimulation. These methods involved flow cytometric measurement of CD38 expression on T cells and enzyme-linked immunosorbent assay (ELISA) determination of 5-bromo-2Ј-deoxyuridine (BrdU) incorporation into newly synthesized DNA of proliferating T cells. BrdU is a pyrimidine analogue and is incorporated in place of thymidine into DNA of proliferating cells. It is measured by ELISA using peroxidase-labeled anti-BrdU antibody.
The two methods were tested for applicability on both HIVnegative and HIV-positive samples and compared to the commonly used [ 3 H]TdR incorporation assay as a "gold standard."
MATERIALS AND METHODS

Study population.
Heparin venous blood samples were collected from HIV-1-infected participants (n ϭ 26; medians: CD4 count, 330/l; CD8 count, 870/l; CD4-to-CD8 ratio, 0.45) of the Amsterdam cohort study on HIV-1 infection and AIDS and from healthy Dutch blood donors (n ϭ 18; medians: CD4 count, 993/l; CD8 count, 506/l; CD4-to-CD8 ratio, 2.0) after informed consent.
Culture conditions. Both the [ 3 H]TdR and the CD38 experiments were performed either on whole blood or on Ficoll-Isopaque (Pharmacia, Uppsala, Sweden)-isolated PBMCs. Whole-blood lymphocyte culture was done as described previously (5) . Briefly, blood samples were diluted 1:10 in Iscove's modified Dulbecco's medium supplemented with gentamycin, 2-mercaptoethanol (5 ϫ 10 Ϫ5 M), and 20% human pooled serum. A sample of 150 l of the diluted blood was cultured in round-bottom 96-well plates. PBMCs were used at a concentration of 4 5 cells were incubated with a combination of phycoerythrin-conjugated CD3 MAb and fluorescein isothiocyanateconjugated CD38 MAb (Becton Dickinson Immunocytometry Systems, San Jose, Calif.) for 15 min. Red blood cells were lysed by adding 2 ml of lysing solution (FACSlyse; Becton Dickinson). Cells were washed twice with phosphate-buffered saline containing 0.1% bovine serum albumin and 0.01% sodium azide. Isotype-specific control MAbs (Becton Dickinson) were used on a daily basis to control for background fluorescence and to set the cursors. Data acquisition was done on a minimum of 3,000 CD3
ϩ events, and analysis was performed using Cellquest software on a FACScan (Becton Dickinson).
BrdU ELISA. For the BrdU ELISA, various concentrations of PBMCs and whole blood were tested. Whole blood yielded very high background signals, and the best signal-to-noise ratio for PBMCs was reached at 3 ϫ 10 4 PBMCs per well of a 96-well plate. The ELISA method used was the Cell Proliferation ELISA System, version 2 (Amersham), which was performed according to the instructions of the manufacturer. Briefly, PBMCs were cultured in triplicate for 3 days in 96-well plates in the presence or absence of CD3 plus CD28 MAbs as a stimulant. BrdU labeling reagent (final concentration, 10 M) was added after 48 h of culture. At 72 h, the cells were harvested by centrifugation at 300 ϫ g for 10 min and were fixed for 30 min in ethanol solution. Blocking was done by incubating for 30 min at room temperature in 1% (wt/vol) protein in 50 mM Tris-HCl-150 mM NaCl, pH 7.4, followed by incubation with peroxidase-labeled anti-BrdU for 1 h. As a substrate, 100 l of 3,3,5,5-tetramethylbenzidine (TMB) dissolved in 15% (vol/vol) dimethylsulfoxide was used. Optical density (OD) was determined at 450 nm using an ELISA reader (Organon Teknika, The Netherlands). Culture medium alone and cells incubated with peroxidase-labeled antiBrdU in the absence of BrdU were used as controls for nonspecific binding.
Statistical analysis. The association between two alternative technologies was determined by calculation of the Pearson correlation coefficient (r). A square transformation was applied to the variable describing the percentage of CD3 ϩ cells expressing CD38 to linearize the regression model comparing it to the counts per minute as suggested by Kleinbaun et al. when the original relationship is curvelinear downwards (19) .
RESULTS
Determination of optimal in vitro stimulus. To determine the optimal conditions for using CD38 as a readout for T-cell stimulation, PBMCs were cultured for 3 days, a stimulation period which was established to be optimal for the [ 3 H]TdR incorporation assay (5) . Three different stimuli were used: (i) CD3 MAb, (ii) CD3ϩCD28 MAbs, and (iii) PHA. Table 1 shows the correlation of absolute numbers of CD38 ϩ T cells with counts per minute determined by Figure 2 shows typical fluorescence-activated cell sorter (FACS) analysis dot plots of CD38 expression on CD3 ϩ T cells for an HIV-positive individual (Fig. 2B) and an HIVnegative individual (Fig. 2C ) after 3 days of culture with CD3 ϩ CD28 MAbs. A dot plot from an isotype control tube is also shown in Fig. 2A . Invariably, the PBMCs of HIV-positive individuals show lower proportions and absolute numbers of T cells expressing CD38 after stimulation compared to those of HIV-negative individuals (in this case, 60.6% versus 97.2%).
Kinetics of CD3
؉ and CD3 ؉ CD38 ؉ T cells. We followed the kinetics of the percentage and number of CD3 ϩ T cells and their CD38-expressing subsets over 4 days in anti-CD3ϩCD28-stimulated cells from 12 HIV-positive and -negative subjects. As shown in Fig. 3 , the percentage and number of CD3 ϩ T cells increase continuously. The percentage of CD3 ϩ CD38 ϩ T cells also increases in parallel, and the increase seems to be sharp after 2 days of culture.
BrdU ELISA. The BrdU ELISA procedure, which utilizes the incorporation of BrdU into the DNA of proliferating cells, was performed on Ficoll-Isopaque-isolated PBMCs only. The method was not found to be suitable for whole-blood culture, because of the high background due to red blood cells interfering with the ELISA reader OD 450 measurements. As shown in 
DISCUSSION
The [
3 H]TdR incorporation assay is widely applied as a measure of T-cell proliferation in vitro and thus as an indirect quantification of T-cell activation. However, this technology gives only information on the overall proliferative responses, not detailing the specific cell subsets involved in these responses. In addition, this technology is only applicable in laboratories where radioactive facilitates are present and proper waste management is implemented.
In this paper, two alternative methods to measure T-cell stimulation are described, one which measures the expression of the T-cell activation marker CD38 and the other which measures BrdU incorporation into newly generated DNA.
The optimal reaction conditions for using CD38 expression as an alternative readout to [ 3 H]TdR incorporation proved to be 3 days of stimulation with the combination of CD3ϩCD28 MAbs. When CD3 MAb alone was used, the overall stimulation and also its correlation with [ 3 H]TdR incorporation was lower. This is in accordance with previous reports that, for optimal mitogenic stimulation, signaling not only through the T-cell receptor (via CD3) but also through costimulatory molecules (like CD28) is essential (21) .
As presented in this report, CD38 expression paralleled DNA synthesis as measured by the [ 3 H]TdR incorporation assay. This observation may indicate that the cells expressing CD38 after the in vitro stimulation are proliferating. Paradoxically, T cells obtained from HIV ϩ patients with high expression of CD38 in vivo were found to be confined to the nonproliferative phase of the cell cycle (22) . This may suggest that T cells expressing CD38 have different characteristics in terms of proliferation depending on whether the activation is in vivo or in vitro.
Studies have reported that CD38 binding elicits activation and proliferation programs in T cells, and the involvement of CD38 in signal transduction and cell adhesion is indicated (11) . Furthermore, an important association between a reduced Tcell proliferation and reduced percentage of CD38 ϩ T cells has been shown for people with depression (6). Our results may further support the importance of CD38 in T-cell proliferation.
We have shown that measurement of CD38 expression can be exploited as an alternative readout for the capacity of T cells to proliferate in response to different stimuli. The correlation of the absolute number of CD38 ϩ T cells with the [ 3 HTdR] assay varied for the three stimuli used, being higher for the CD3ϩCD28 MAb. This may be because of the variation in the capacity of the three stimuli used to activate the two pathways. Despite this difference, the flow cytometric method as the [ 3 H]TdR incorporation assay was also capable of discriminating between the T-cell response in the HIV-1-infected and noninfected subjects. Furthermore, the percentage and number of CD3 ϩ T cells increased in parallel with the percentage and absolute number of CD38-expressing T cells. However, in our opinion, the direct measurement of CD3 ϩ T cells cannot be used as an alternative since it can be affected by the apparent individual variation in baseline values.
Several studies by us and others (2, 12, 24) have shown that CD38 expression on circulating CD4 ϩ and CD8 ϩ T cells is increased during HIV-1 infection. The data presented here on the expression of CD38 on in vitro-stimulated T cells show that the percentage of CD38-expressing cells in HIV-positive individuals are already low after 1 day in culture. As shown in Table 1 , the median CD38 expression for HIV ϩ subjects is 11% (range, 6 to 20%), which is lower than previously reported in vivo values for HIV subjects at different clinical stages: 31 to 69% for CD8 ϩ T cells (2), 37 to 55% for CD4 ϩ T cells and 44 to 81% for CD8 ϩ T cells (24) ; and 55 to 68% for total lymphocytes, 66 to 78% for CD4 ϩ T cells, and 75 to 87% for CD8 ϩ T cells (27) . After 1 day in culture, the difference in the percentage of CD38-positive cells between the HIV-negative and HIV-positive subjects was not large compared to what has been observed for the in vivo situation. As also suggested by other studies (29) , this may indicate that the in vivo-activated cells fail to survive in vitro and undergo apoptosis after overnight incubation. It has been reported that CD38 expression, especially on CD8 cells, is high in children and it decreases with age (23) . Therefore, the use of the CD38 expression method to measure T-cell proliferation capacity in children needs to be further studied.
We observed that the BrdU ELISA also showed a good association with the [ 3 H]TdR incorporation (overall correlation, r ϭ 0.82). The correlation was further improved (r ϭ 0.92) when the final reaction supernatant was transferred to a new 96-well plate before measuring OD 450 . This may be due to background signals caused by the fixed cells.
The CD38 method needs equal investments in terms of laboratory equipment as compared to the [ 3 H]TdR incorporation assay. However, no radioactivity is used, and in addition, the nature of the proliferating T-cell subsets can be studied in much more detail by combining CD38 MAbs with other reagents for FACS analysis. Furthermore, the signal-to-noise ratio is higher (up to 20:1) than that of the BrdU ELISA (up to 10:1). The broad expression of CD38 on stimulated T cells may indicate its potential use for detection of low-frequency responses.
The BrdU method is clearly much more economical than the above two methods; however, its sensitivity is limited by the OD 450 readout range (between 0.000 and 3.000) and it does not allow for subspecifying the contribution of certain T-cell subsets to the overall proliferation signal. Also, the assay proved to be only feasible on isolated PBMCs and it is not suitable for whole-blood cultures, because of the high background due to the presence of red blood cells interfering with the OD 450 reading. However, it is worth mentioning that the BrdU method is currently being used successfully in our laboratory to measure proliferation responses in PHAand purified protein derivative-stimulated PBMCs from both HIV-negative as well as HIV-positive Ethiopians (M. Legesse, personal communication).
In conclusion, the data presented in this paper show that the BrdU method, followed by the CD38 expression method, showed a significant agreement with the widely used [ 3 H]TdR incorporation assay in measuring T-cell proliferation in response to stimulation by PHA, anti-CD3, and anti-CD3ϩCD28, indicating that both methods can be used as alternative techniques to measure in vitro T-cell proliferative capacity in response to the above stimulants. However, the use of these methods for measuring low-frequency responses (responses to recombinant antigens) needs to be assessed.
